In this study, we present a simple template-less and surfactant-free method for the synthesis of urchin-shaped gold nanoparticles. Anisole, the reaction solvent also acted as the reducing agent. When compared with other harsher solvent-mediated methods for the synthesis of gold nanoparticles, the method presented here allows the formation of nanoparticles at the relatively low temperature of 60°C. The effect of reaction time was studied, and it was observed that the urchin-shaped particles initially formed transformed into smooth-edged particles when the reaction was continued for more than 30 minutes owing to the thermodynamic instability of gold nanourchins. The effect of added capping agents such as dodecanethiol, hexadecylamine and polyvinylpyrrolidone (PVP) was also studied, and it was found that nanoparticles were not formed in their presence. The gold nanosystems obtained in this study were characterised by transmission electron microscopy and UV-visible absorption spectroscopy.
Introduction
Gold nanoparticles (AuNPs) have drawn significant interest in recent years owing to their unique optical, electronic and molecular recognition properties [1] [2] [3] . Since AuNP properties are not only size-dependent but have also been demonstrated to be shape-dependent, non-spherical AuNPs have become one of the focuses of research in the last few years [4] . Gold nanosystems of different shapes have been synthesised, such as rods [5] , cubes [6, 7] , disks [8] , prisms [9] , plates [10] , polyhedrons [11] , and urchinshaped particles [12] .
Gold nanourchins (AuNUs), multi-branched AuNPs whose shapes resemble those of sea urchins, are nanoparticles with a central nanocore and several protruding tips [12] . Au nanostructures of very similar morphology to AuNUs have also been named by various authors as nanostars, nanoflowers and multibranched NPs [4, 13] . AuNPs are known to have a wide range of applications in imaging [14] , sensing [15] [16] [17] [18] [19] , heterogeneous catalysis [20] [21] [22] , electrocatalysis [23, 24] , photothermal therapy [25] , and drug and gene delivery [26, 27] . In recent years AuNUs have also drawn significant research interest owing to their potential applications in catalysis, and molecular detection, together with biological applications such as in immunoassays, biosensing, and dark field imaging of cells [12] . Like other anisotropic NPs, AuNUs also have interesting optical properties that are defined by their structural features [28] . It has also been shown that upon irradiation, strong electromagnetic field enhancement occurs at the tips of branched particles, resulting in stronger surface enhanced Raman scattering (SERS) as compared to non-branched particles [29] . Hence, AuNUs have been shown to have considerable promise in applications that rely on the SERS effect [29] .
AuNUs are mainly synthesised by wet-chemistry methods that employ various surfactants as shape-controlling agents in direct particle growth or seed-mediated synthesis [30] . Disadvantages of these methods include their long reaction times and often tedious experimental procedures. In addition, the shape-controlling agents, such as sodium dodecyl sulphate (SDS), cetyl-trimethylammonium bromide (CTAB) etc., were shown to adsorb strongly onto the AuNU surface, hindering the use of such particles in applications which require access to the free metal surface, for example catalysis or sensing [29] . Only a few studies have reported the synthesis of AuNUs without the use of strongly adsorbing shape-controlling agents [31, 32] .
Herein, we demonstrate a direct synthetic route to AuNUs with a size of ~175 nm, without the use of any templates or surfactants. Anisole, the solvent used, acted as both the reducing and shape-directing agents. We found that when using anisole the AuNUs were formed at a much lower temperature (60°C), which contrasts with other solventmediated nanoparticle syntheses that typically involve harsh conditions [33, 34] . To the best of our knowledge, there have been no studies in which the solvent itself has acted as the reducing agent for the formation of AuNUs under such mild conditions. The effects of the reaction time and the presence of the additionally introduced capping agents on the morphology of the resulting particles were also studied.
Experimental

Materials and instrumentation
Au metal (99.99%) and anisole (AR grade) were purchased from Sigma-Aldrich. Tetrachloroauric (III) acid trihydrate (HAuCl 4 ·3H 2 O) was prepared following literature methods [35] . All other reagents and solvents were analytical grade, and were used without further purification. The Au nanosystems produced were studied using TEM (Philips CM200) operating at 200 kV. Samples for TEM imaging were prepared by dropping 2 µL of the freshly prepared solution of nanostructured Au onto a carbon-coated copper grid (300 mesh, SPI Supplies, USA) and drying at room temperature in air. UV-Vis spectra of the nanostructured Au were acquired on a Varian Cary 100 UV-Vis spectrophotometer.
Synthesis of gold nanourchins
All experiments reported here were performed under air. In a typical reaction, 20.0 mg (0.051 mmol, 1 mM) of tetrachloroauric acid trihydrate (HAuCl 4 ·3H 2 O) was added to 50 mL of anisole and the solution was heated to 60°C in a temperature controlled aluminium block with continuous magnetic stirring (500 rpm). The round bottom flask used for the reaction was wrapped in aluminium foil to confirm that the formation of AuNUs was not photo-induced. The reaction mixture was collected by a syringe and cooled to room temperature after 1, 15 and 30 min. The reaction was also carried out in the presence of dodecanethiol, dodecylamine and polyvinyl pyrrolidone (0.051 mmol and 0.102 mmol for each of the capping agents) to study the effect of the presence of these capping agents on the formation of AuNUs.
Results and discussion
One of the established methods in which the solvent itself acts as the reducing agent for the formation of AuNPs is the polyol process [33, 34] . This process involves the reduction of the Au precursor in a glycol medium, most commonly ethylene glycol, in the presence of a protecting agent such as polyvinylpyrrolidone (PVP) [36] . For the reduction of Au 3+ to occur, the reaction mixture has to be heated to reflux, making the reaction conditions quite harsh since the boiling point of ethylene glycol is high (197°C) [28, 29] . Therefore an advantage of using anisole as the solvent is that the reduction of the Au precursor and the formation AuNPs can be achieved at a temperature as low as 60°C. When other high boiling solvents, such as dimethyl sulfoxide (DMSO), ethyl benzoate, and diethylene glycol were used as the solvent, it was found that the AuNPs were formed only at the higher temperatures of 170°C, 160°C and 190°C, respectively.
AuNPs were removed from anisole by filtration, and gas chromatography-mass spectrometry (GC-MS) analysis of the anisole confirmed the presence of both p-chloroanisole (as the major product) and o-chloroanisole (as a minor product). The formation of these compounds led us to hypothesise that electrophilic aromatic substitution of anisole by reaction with HAuCl 4 may be the first step in the reduction of Au 3+ to Au(0) (Scheme 1, reaction (a)). This step would be expected to result in the formation of both p-chloroanisole and o-chloroanisole, together with AuCl. The AuCl could then undergo disproportionation to produce Au(0), together with Au 3+ (Scheme 1, reaction (b)). It was found that AuNPs were formed in anisole even in the presence of dibutylhydroxytoluene (BHT), a known radical scavenger, lending further support to the hypothesis that the electrophilic aromatic substitution was the probable mechanism, rather than single electron transfer pathways involving radicals. We assume that facile electrophilic aromatic substitution of the highly electron rich anisole is the reason why in this case AuNPs are formed under mild conditions, whereas in other solvents elevated temperatures are necessary.
It was observed that the duration of the reaction in anisole influenced the morphology of the nanoparticles that were formed. As the reaction temperature reached 60°C, the colour of the solution suddenly became pink, indicating the formation of nanoparticles. A TEM study of the AuNUs obtained after only 1 min at 60°C is shown in Figure 1(a) . In the magnified image (Figure 1(b) ) the branches protruding from the core of the nanostructure can be clearly observed. Analysis of the TEM images of the AuNUs (at least 200 particles were measured) revealed the particle sizes to be 175 ± 29 nm (Figure 2(a) ). The length of the branches of the AuNUs was estimated to be 18 ± 6 nm (Figure 2(b) ), although precise measurement of the branch length was difficult owing to variations in their angular orientations, and ambiguity in precisely defining the interface between the core and start of each branch. It was deemed impractical to attempt to collect and analyse samples with reaction times less than 1 min as the irreproducibility of such measurements was likely to be high. It has been shown that the formation of branched nanoparticles is generally driven by kinetic factors that are favoured temporarily during the initial stage of the reaction [37] . The morphology of AuNUs formed in anisole was unstable, as demonstrated by their transformation to non-branched particles after 30 min, which also indicated that the AuNUs were kinetically controlled reaction products. According to Li et al. [29] , such a transformation is to be expected in the absence of shape-directing agents since the gold atoms in the branched particles that are formed during the initial stages of reaction will swiftly rearrange to form spherically-shaped particles to attain thermodynamic stability [29] . In fact the unstable nature of branched AuNPs and their rapid transformation to more thermodynamically stable spherical particles has also been reported in other studies [38, 39] . All of the NPs synthesised were found to be stable in solution for at least a week, after which they settled as a pink powder at the bottom of the vial. However, such sediments redispersed immediately in the solvent upon gentle shaking. The particles could be separated from anisole by centrifugation (3500 rpm, 5 min) and then easily redispersed in water.
Au nanosystems exhibit strong surface plasmon resonance (SPR) absorption that is dependent on their size and shape. UV-Vis spectra of the Au nanostructures synthesised in anisole are shown in Figure 3 . The SPR peak of the AuNUs obtained was broad, and matched well with the absorption spectra of similar sized AuNUs previously reported in the literature [32, 40] . The absorption spectra of the AuNPs with the bud-shaped and smooth edges were identical, but slightly different from spectra of AuNUs. Maiorano et al. [30] have also reported that AuNPs with small bud-like surface features have absorption spectra similar to those of spherical AuNPs of the same size. It is clear from Figure 3 that the SPR band for the urchins is broader than the bands for smooth-edged particles. It is expected that in the branched particles, owing to the preferential accumulation of surface charges at the branches, the frequency of oscillation decreases and spreads [41] . It has also been shown that the SPR peak of branched particles is red-shifted and broadened as the number of branches on the particle is increased [41] . Although the absorption spectra of the smooth edged particles are quite broad as compared to the smaller spherical particles, these results are consistent with the previous reports in the literature [42, 43] . As the particle size increases, scattering effects become more pronounced, and so the absorption peak is broadened and red-shifted. The colour of all three solutions was the same as expected (Figure 3 inset) . Various ligands/capping agents have been used to control the shape and size of the AuNPs [4] . We therefore also undertook a study into the effect of adding several capping agents on the formation of nanoparticles in anisole. The capping agents dodecanethiol, hexadecylamine and polyvinylpyrrolidone were individually added with HAuCl 4 ·3H 2 O to anisole, which was then heated to 60°C. However, neither AuNUs nor AuNPs were formed in the presence of any of these additives. The yellow colour of the HAuCl 4 ·3H 2 O disappeared as soon as the dodecanethiol was added. It is known that the formation of Au(I) thiolate complexes occurs in the presence of thiol ligands in the single-phase synthesis of AuNPs [44] . The colour change from yellow to colourless in this study implies the reduction of Au 3+ to Au + but no further. The consequences of the formation of Au(I) thiolate complexes in the reaction medium are still unclear for many of the known AuNP synthetic procedures [45] . Nonetheless, it is expected that in some cases the formation of Au(I) thiolate does affect the yield of the nanoparticle synthesis [44] . Partial Au(I) thiolate formation can produce unidentified products from Au precursors of varying aggregation states (e.g., the number of Au atoms per nucleus) and reduction potentials [46] . Hence, the complete reduction of the Au(I) thiolates can become prohibitively slow and, in certain cases, as in the one reported here, may not occur at all [47] .
With hexadecylamine and polyvinylpyrrolidone the yellow colour of the HAuCl 4 solution remained unchanged. It is possible that with hexadecylamine and PVP, complexes of Au 3+ were formed in solution. Nitrogen ligand coordination compounds of Au 3+ have not been studied extensively [48] . Nagel and Beck [49] have reported that the reaction of AuCl 4 -with n-butylamine led to the formation of the imine ClAuNH=R, by a ligand displacement reaction. Additionally Yang et al. [50] have reported the binding of the amine group of dodecylamine to Au 3+ [50] . We hypothesise that the formation of such Au 3+ complexes prevented the reduction of Au 3+ and the formation of nanoparticles.
Conclusions
In conclusion, we have developed a simple, fast, template-less and surfactant-free method for the synthesis of AuNUs, in which anisole acted as both solvent and reducing agent. The temperature of the reaction was low (60°C) when compared with the other solventmediated methods that have been employed to synthesise AuNPs. The effect of the duration of the reaction was studied, and it was found that after 1 min urchin shaped particles were formed, and they were transformed into particles with bud-like surface features within 15 min, which were then converted to smooth-edged particles when the reaction was continued for 30 min. AuNUs had particle sizes of 175 ± 29 nm, and the length of the branches of the AuNUs was estimated to be 18 ± 6 nm. The sizes of the particles obtained after 15 min and 30 min of reaction were slightly larger than those of the AuNUs, being 180 ± 28 nm and 187 ± 29 nm, respectively. It was observed that AuNPs were not formed in the presence of the thiol and amine capping agents.
